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New measurements are presented for charged hadron azimuthal correlations at mid-rapidity in
Au+Au collisions at
√
sNN = 62.4 and 200 GeV. They are compared to earlier measurements ob-
tained at
√
sNN = 130 GeV and in Pb+Pb collisions at
√
sNN = 17.2 GeV. Sizeable anisotropies
are observed with centrality and transverse momentum (pT ) dependence characteristic of elliptic
flow (v2). For a broad range of centralities, the observed magnitudes and trends of the differen-
tial anisotropy, v2(pT ), change very little over the collision energy range
√
sNN = 62 - 200 GeV,
indicating saturation of the excitation function for v2 at these energies. Such a saturation may be
indicative of the dominance of a very soft equation of state for
√
sNN ∼ 60 - 200 GeV.
PACS numbers: 25.75.Ld
Extremely high energy-density nuclear matter is pro-
duced in energetic Au+Au collisions at the Relativistic
Heavy Ion Collider (RHIC) [1, 2]. The dynamical evo-
lution of this matter is predicted to reflect the presence
and evolution of the Quark Gluon Plasma (QGP) – a
new phase of nuclear matter [3, 4, 5]. Azimuthal correla-
tion measurements are important in several ways. They
serve as a “barometric sensor” for pressure gradients de-
veloped in the collision and hence yield insight into cru-
cial issues of thermalization and the equation of state
(EOS) [6, 7, 8]. They provide important constraints for
the density of the medium and the effective energy loss
of partons which traverse it [9, 10]. They can provide
valuable information on the gluon saturation scale in the
nucleus [11].
Recent measurements at RHIC (
√
sNN = 130 and
200 GeV) indicate a mixture of (di-)jet and harmonic
contributions to azimuthal correlations in Au+Au colli-
sions [12, 13, 14, 15, 16]. The asymmetric (di-)jet contri-
butions are found to be relatively small but can be sepa-
rated; they show an increase with pT and indicate strong
suppression of away-side jet yields [15]. Significant mod-
ifications to the away-side jet topology have also been
reported [17]. These observations, which are particularly
striking for very central collisions, have been interpreted
as evidence for parton energy loss and jet quenching in
the produced medium [3]. The harmonic contributions
show significant strength at mid-rapidity with character-
istic dependencies on pT and centrality [12, 18, 19, 20].
They are typically characterized by the second order
Fourier coefficient, v2 =
〈
ei2(φ1−ΦRP )
〉
, where φ1 rep-
resents the azimuthal emission angle of a charged hadron
and φRP is the azimuth of the reaction plane. The brack-
ets denote statistical averaging over particles and events.
At low pT (pT <∼ 2.0 GeV/c) the magnitude and trends
of v2 are under-predicted by hadronic cascade models
supplemented with string dynamics [21], but are well
reproduced by models which incorporate hydrodynamic
flow [5, 7]. This has been interpreted as evidence for
the production of a thermalized state of partonic mat-
ter [3, 4, 5]. At higher pT the predictions of quark co-
alescence [22] are consistent with the data [20, 23], and
quantitative agreement has been achieved with transport
model calculations which incorporate large opacities [10].
At Super Proton Synchrotron (SPS) energies (
√
sNN ∼
17 GeV) azimuthal correlation measurements also in-
dicate a mixture of (di-)jet and harmonic contribu-
tions [24, 25]. However, the observed anisotropy of the
harmonic contribution is approximately 50% of the value
observed at full RHIC energy (
√
sNN = 200 GeV). There-
fore, an important outstanding issue is the detailed be-
havior of v2 over the range which spans SPS - RHIC ener-
gies. In recent work, the PHOBOS collaboration has in-
vestigated the patterns for pT -integrated v2 over a broad
range of pseudorapidities [26]. Here, we present more re-
vealing differential measurements for Au + Au collisions
at
√
sNN = 62.4 - 200 GeV and the first excitation func-
tion for differential v2 which spans beam energies from
the Alternating Gradient Synchrotron (AGS) to RHIC
(
√
sNN ∼ 3 - 200 GeV).
The colliding Au beams (
√
sNN = 62.4, 130, and
200 GeV) used in the measurements presented here have
been provided by RHIC in three separate experimental
running periods (in 2000-2004). Charged tracks were de-
tected in the east and west central arms of PHENIX [27],
each of which subtend 90◦ in azimuth φ, and ±0.35
units of pseudo-rapidity η. Track reconstruction was ac-
complished at each collision energy via pattern recogni-
tion using a drift chamber (DC) followed by two layers
of multi-wire proportional chambers with pad readout
(PC1, PC3) [27]. A combinatorial Hough transform in
the track bend plane was used for pattern recognition
in the DC [28]. For each analysis, the collision vertex z
along the beam direction was constrained to be within
|z| < 30 cm. A confirmation hit within a 2σ match-
ing window was required in PC3, located at a radius
of 5 m, to eliminate most albedo, conversions, and de-
cays. Particle momenta were measured with resolutions
4δp/p = 0.7% ⊕ 0.91% p, δp/p = 0.6% ⊕ 3.6% p, and
δp/p = 0.7% ⊕ 1.0% p (GeV/c) at √sNN = 62.4, 130,
and 200 GeV respectively, good enough to have very lit-
tle influence, if any, on the results presented here.
Event centralities were obtained at
√
sNN = 62.4 GeV
via a series of cuts on the analog response of the PHENIX
beam counters (BBC). For
√
sNN = 130 and 200 GeV,
cuts in the space of BBC versus ZDC analog response
were employed; they reflect percentile cuts on the total
interaction cross section at each beam energy [29]. Esti-
mates for the number of participant nucleons Npart, were
also made for each of these cuts following the Glauber-
based model detailed in Ref. [29]. Systematic uncertain-
ties associated with these determinations are estimated
to be less than ∼ 10% for central and mid-central colli-
sions
The differential v2 measurements reported in this Let-
ter have been obtained via three separate methods of
analysis. In the first, we used the reaction plane tech-
nique which correlates the azimuthal angles of charged
tracks detected in the central arms with the azimuth of
an estimated event plane Φ2, determined via hits in the
North and South BBC’s located at | η |∼ 3−3.9 [20]. This
method was used for the analysis of data taken at both√
sNN = 62.4 and 200 GeV. Corrections [20, 30] were
applied to account for possible azimuthal distortions in
the distribution of the estimated reaction planes. Values
of v2 were calculated via the expression
v2 =
〈cos(2(φ− Φ2))〉
〈cos(2(Φ2 − ΦRP ))〉 ,
where the denominator represents a resolution factor
which corrects for the difference between the estimated
and the true azimuth of the reaction plane ΦRP [20, 30].
The estimated resolution of the combined reaction plane
from both BBC’s [20] has an average of 0.33 (0.16)
over centrality with a maximum of about 0.42 (0.19) for√
sNN= 200 (62.4) GeV. Thus, the estimated correction
factor, which is the inverse of the resolution for the com-
bined reaction plane, ranges from 2.4 (5.4) to 5.0 (13).
In the second method, a cumulant analysis was per-
formed on data collected at
√
sNN = 200 and 62.4 GeV
to obtain the anisotropy directly [31]
〈
e2i(φ1−φ2)
〉
=
〈
e2iφ1
〉 〈
e−i2φ2
〉
+
〈〈
e2i(φ1−φ2)
〉〉
. (1)
Here, the double brackets denote an average over pairs
of particles emitted in an event followed by further aver-
aging over events. For a detector having full azimuthal
acceptance, the averages
〈
e2iφ1
〉
and
〈
e−2iφ2
〉
vanish due
to symmetry considerations, to give the second order cu-
mulant estimate v2{2} [31] of v2
〈〈
e2i(φ1−φ2)
〉〉
= v2{2}2. (2)
Since PHENIX does not have full azimuthal acceptance,〈
e2iφ1
〉
and
〈
e−2iφ2
〉
do not vanish and this leads to an
initial underestimate of the extracted anisotropy. To cor-
rect for this underestimate, separate correction factors
(∼ 30%) were evaluated and applied for each centrality
and pT cut, at each collision energy, following the proce-
dures detailed in Ref. [31].
In the third method, we extracted the anisotropy at√
sNN = 62.4, 130 and 200 GeV via assorted two-particle
correlation functions [12, 20]:
C(∆φ) =
Ncor(∆φ)
Nmix(∆φ)
. (3)
Here, Ncor(∆φ) is the observed ∆φ distribution for
charged particle pairs selected from the same event, and
Nmix(∆φ) is the ∆φ distribution for particle pairs se-
lected from mixed events. Mixed events were obtained
by randomly selecting each member of a particle pair
from different events with the same multiplicity and ver-
tex cuts.
To extract the anisotropy of these correlations, two cor-
relation functions were generated for each pT and central-
ity selection [12, 20]. For the first, charged hadron pairs
were formed by selecting both particles from a reference
range pT,ref , which excluded the pT range of interest (i.e.
a reference correlation). For the second, assorted hadron
pairs were formed by selecting one member from the pT -
range of interest and the other from pT,ref . The elliptic
flow v2, was obtained via the ratio A2,a/
√
A2,ref = v2
whereA2,a and A2,ref are the anisotropies extracted from
the assorted and reference correlation functions (respec-
tively) with the fit function:
C(∆φ) = a1
(
1 + 2A2cos(2∆φ) + λe
(−0.5(∆φ/σ)2)
)
(4)
where the Gaussian and harmonic terms are used to char-
acterize the asymmetry (at small ∆φ) and the anisotropy
of the correlation function respectively [12, 14, 15].
Figures 1a - 1d show representative ∆φ correla-
tion functions obtained for charged hadrons detected
in the PHENIX central arms (−0.35 < η < 0.35) at√
sNN = 62.4 GeV. Correlation functions for mid-central
events (centrality = 20 - 40%) are shown for hadrons
with 0.5 < pT < 0.7 GeV/c and 1.0 < pT < 1.5
GeV/c in Figs. 1a and c respectively. The same pT cuts
have been made for the correlation functions shown in
Figs. 1b and d but for more peripheral collisions (cen-
trality = 40 - 60%). For both sets of correlation func-
tions 0.65 < pT,ref < 2.5 GeV/c. Figs. 1a - 1d show
a clear anisotropic pattern with relatively small asym-
metries (0o/180o ratios). Such asymmetries have been
attributed to small jet contributions to the correlation
functions [12, 15], and are expected to decrease with de-
creasing
√
sNN . The curves in Fig. 1 indicate a fit to the
correlation function with Eq. 4; they show an increase of
the anisotropy with increasing impact parameter and pT .
These trends are similar to those of prior AGS, SPS and
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FIG. 1: Assorted-pT correlation functions (0.65 < pT,ref <
2.5 GeV/c) for charged hadrons of 0.5 < pT < 0.7 GeV/c
(top panels) and 1.0 < pT < 1.5 (bottom panels) obtained in
Au+Au collisions at
√
sNN = 62.4 GeV. The left and right
panels show correlation functions for centrality cuts of 20-
40% and 40-60% respectively. The lines represent fits to the
correlation functions (see text).
RHIC measurements [18, 24, 25, 32] and are consistent
with the expected patterns for in-plane elliptic flow [5, 7].
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FIG. 2: Differential anisotropy v2(pT ) for charged hadrons
in Au+Au collisions at
√
sNN = 62.4 GeV with centrality
cuts of 0-20% (open symbols) and 20-40% (filled symbols),
obtained via the methods of correlation functions (CF), cu-
mulants (Cum) and reaction plane (RP).
Figure 2 compares the differential anisotropy v2(pT ),
obtained at
√
sNN = 62.4 GeV for all three methods of
extraction. The error bars shown indicate statistical er-
rors. Systematic errors are estimated to be ∼ 10%, 5%,
and 5% for extractions via the reaction plane, cumulant
and correlation function methods of analysis respectively.
The results, which are shown for two separate centrality
cuts (0 - 20% and 20 - 40%) in each case, indicate an
initial increase of v2 with pT followed by the previously
observed plateau for pT >∼ 2.5 GeV/c [12, 19]. The close
agreement of v2(pT ) values obtained from the cumulant
and correlation function methods of analysis, serve to
confirm the reliability of these methods of extraction. On
the other hand, the agreement between results from these
latter methods and that obtained from the reaction plane
method is quite striking, given the large rapidity gap (∼ 3
units) between the particles used for reaction plane deter-
mination and the mid-rapidity particles correlated with
this plane. It is expected that the latter correlations are
less influenced by non-flow contributions especially for
pT < 2.0 GeV/c. Consequently, we attribute this agree-
ment to the absence of strong non-flow contributions to
the hadron correlations (for pT < 2.0 GeV/c) at mid-
rapidity. A similarly good agreement between the differ-
ent methods of analysis was obtained for all centralities
presented in this work.
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FIG. 3: Differential anisotropy v2(Npart) (left) and v2(pT )
(right) for several energies as indicated. v2(pT ) is shown for
the centrality selection 13 - 26%. The CERES data are taken
from Ref. [24].
Figures 3a and 3b compare the centrality and pT de-
pendence (respectively) of the anisotropy obtained at
several collision energies. The circles, stars and squares
in 3a show v2(Npart) for 〈pT 〉 selections of 0.4, 0.75 and
1.35 GeV/c obtained via the cumulant and correlation
function methods of analysis. The same results obtained
via the reaction plane method are consistent with prior
results[20]. The open and filled symbols show measure-
ments performed at
√
sNN = 62.4 and 130 (200) GeV as
indicated; they show rather striking agreement between
the magnitudes of the v2 values obtained at all three
collision energies. Further evidence that this agreement
persists down to
√
sNN = 62.4 GeV is given in Fig. 3b.
Here, the open and filled circles compare the differen-
tial anisotropy v2(pT ), obtained at
√
sNN = 62.4 and
6200 GeV for the 13-26% most central collisions. The
comparison indicates little change in v2 as the collision
energy is raised from
√
sNN = 62.4 to 200 GeV. This
contrasts with the much lower v2 values measured in
Pb+Pb collisions (filled squares) by the CERES collabo-
ration at
√
sNN = 17.2 GeV, for the same centrality cut
(13 - 26%) [24].
FIG. 4: Differential v2 vs.
√
sNN for charged hadrons in
nucleus-nucleus collisions. Results are shown for the cen-
trality cut of 13 - 26% and pT selections of 1.75 GeV/c
(open symbols) and 0.65 GeV/c (closed symbols). The
STAR, CERES and E895 data are taken from Refs. [19], [24]
and [32, 33, 34] respectively.
The
√
sNN dependence of v2 for charged hadrons pro-
duced in Au+Au collisions is summarized in Fig. 4 for
two separate pT selections (0.65 and 1.75 GeV/c) and
centrality = 13-26%. These data are taken from the
current measurements and earlier measurements at the
SPS [24] and the AGS [32, 33, 34]. The AGS measure-
ments [32, 33, 34] are for protons. The STAR results
were obtained for a slightly different centrality selection
(10-30%) [19] having essentially the same mean central-
ity. For both pT cuts, the magnitude of v2 shows a
significant increase with collision energy (∼ 50% increase
from SPS to RHIC) up to the energy
√
sNN = 62.4 GeV.
Thereafter, it appears to saturate for larger beam ener-
gies.
To summarize, we have measured differential az-
imuthal anisotropies for charged hadrons in Au + Au
collisions spanning the energy range
√
sNN = 62.4 - 200
GeV. Detailed comparisons of these differential measure-
ments indicate no significant collision energy dependence
of the anisotropy over this range. By contrast, compar-
isons to differential measurements obtained at AGS and
SPS energies indicate that v2 increases with collision en-
ergy up to
√
sNN = 62.4 GeV. Given the fact that the
energy density is estimated to increase by approximately
30% over the range
√
sNN = 62.4 - 200 GeV, this ap-
parent saturation of v2 above
√
sNN = 62.4 GeV may be
indicative of the role of a rather soft equation of state.
Such a softening could result from the production of a
mixed phase [33] for the range
√
sNN = 62.4 - 200 GeV.
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